The Brevard fault zone is a belt of mylonitic metamorphic rocks that extends northeast over 700 km from~Iabam~int~Virginia. Seismic reflection studies show that the fault zone produces excellent eflect~ons which dip g:ntly to the southeast and sole at depth. The origin of these reflections has been mve~tJgated by~easunng ,:ompressional wave velocities to 800 MPa confining pressure in 127 samples obtamed from dnll core which continuously sampled the fault zone to a depth of over 300 m. Densities ar~r~ported as well as chemical analyses at selected depths. Anisotropy at elevated pressures ranges wlthu:, the fault~~ne fro!llles.s than 50/0to over 26%. Similarly, the fault zone rocks show significant chemical vanablhty, wlt.h SI02 ran~mg from 58.0 to 70.4% by weight. Synthetic seismograms generated from the velocity and density measurements show that the reflections originate within the Brev~rd fault zone.from t~e compl:x inter~ction of compositional variations and seismic anisotropy resultmg from ductile stram. Essential to this study has been the continuous coring of a major section of the Brevard fault zone, which has provided the necessary stratigraphic control as well as llllw~ather~d samples for laboratory studies.
INTRODUCTION
Seismic reflection profiling, a technique once used almost exclusively for hydrocarbon exploration in sedimentary terranes, is now being used to image all levels of the crystalline continental crust. Lower crustal reflections including reflections originating near the Moho are often attributed to laterally discontinuous horizontal laminations [e.g., Meissner, 1973; Phinney and Jurdy, 1979; Hale and Thompson, 1982; Matthews and Cheadle, 1986] possibly produced by ductile extension. Strong, gently dipping reflections in the upper crystalline crust have been traced to surface exposuresofmylonite zones [e.g., Brewer et al., 1983; Hurich et al., 1985] . An understanding of the origins of these reflections has clearly lagged behind field observations.
In this paper we investigate the origin of reflections from a major continental thrust/strike-slip fault. The Brevard fault appears on seismic reflection records as a zone of gently dipping reflectors which sole at depth [Clark et al., 1978; Cook et al., 1979 Cook et al., , 1983 Harris et al., 1981; Williams et al., 1987; Coruh et al., 1987] . Speculations on the origin of reflections from this fault zone have been poorly constrained due, in part, to inadequate velocity information on Brevard fault zone lithologies. Because of weathering, rocks from the limited surface exposures of the Brevard zone are usually unsatisfactory for laboratory velocity measurements. Fortunately, however, a recent test hole drilled into the Brevard fault zone to a depth of 330 m recovered a complete suite of unaltered samples for velocity, density, petrographic, and chemical analyses. The results of this study provide insight into the origin of reflections from the Brevard fault zone and perhaps other major fault zones in crystalline terranes throughout the world. BREVARD FAULT ZONE The Brevard fault zone is a 0.5-to 3.0-km-wide belt of mylonitic and low-grade metamorphic rocks extending at least 725 km northeastward from central Alabama into Copyright 1988 by the American Geophysical Union.
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Virginia (Figure 1 ). This remarkably linear feature is a major structural element of the southern Appalachians, forming the boundary between two crystalline terranes: the Blue Ridge to the northwest and the Piedmont to the southeast. The Brevard fault zone coincides for much of its length with a marked elevation difference between the Blue Ridge and the topographically lower Piedmont. The zone loses its linear character at its southwest end, where it appears to splay. The most distinguishing characteristic of the Brevard fault zone is the preponderance of phyllonites, mylonites, and mylonitic gneisses which were apparently derived from metasedimentary units and gneisses. These lithologies were first described in detail by Keith [1905] near Brevard, North Carolina. The rocks in the zone experienced at least one garnet-amphibolite grade metamorphic event but were subsequently retrograded to greenschist facies assemblages. Foliation within the zone generally dips moderately to the southeast but can be locally vertical. The variation in dip influences the surface width ofthe zone, but Hatcher [1968] estimated the true thickness of the Brevard fault zone at 0.5-0.6 km near the surface.
Concentrating on the stratigraphy of the Brevard fault zone rocks, Hatcher [1968 Hatcher [ , 1970 Hatcher [ , 1971 observed that a very similar sequence of lithologies parallels the Brevard fault zone from central Georgia to east of Asheville, North Carolina. These units are part of the Chauga belt synform. The Brevard fault zone apparently developed within incompetent phyllites of the Chauga River Formation along the northwest limb of this synform. Northeast of Asheville the fault zone occurs in unnamed metasedimentary rocks [Hatcher, 1975] . These observations suggest that the location of the Brevard fault zone may be lithologically controlled. However, the prevalence of cataclastic and mylonitic textures within the zone indicates that the deformation in the zone has affected the lithology.
Limited exposure of unweathered rock, coupled with a complex tectonic and metamorphic history and, until recently, lack of subsurface information, has led to many interpretations for the origin and tectonic significance of the Brevard fault zone. Hatcher [1971, 1975] revived and synthesized several existing models when he interpreted the Brevard fault zone as a major northwest directed thrust [after Jonas, 1932] with perhaps a miom strike-slip component [after Reed et at., 1970] localized along the northwest limb of a Piedmont synclinorium [after Keith, 1905] . in support of the thrust fault model, Hatcher [1971] cited the repetition of stratigraphic units within the zone, "exotic" slices of carbonates and basement material presumably plucked off the footwall during thrusting, and truncation of lithologic units by the fault.
Hatcher [1978] envisioned the Brevard fault zone as the ductile root in which a family of Blue Ridge thrusts developed. The fault zone was reactivated several times subsequently, and during the Alleghanian a brittle backlimb thrust formed and broke free from the Blue Ridge root zone. This is the exposure of the Brevard fault zone seen on the surface tbday.
The subsurface geometry of the Brevard fault zone reflectors seen on reflection profiles agrees with a thrust fault interpretation.
Ctark et at. [1978] described two seismic reflection surveys conducted just southeast of the Brevard fault zone, which yielded two profiles I km and 0.6 km in length. On these profiles, Clark et al. recognized two strong reflectors, which they interpreted as the top and base of the Brevard fault zone, giving the zone a thickness of approximately 0.3 s of two-way travel time (~0.9 km). The Henderson Gneiss overlies the zone, while Precambrian metasedimentary rocks, Grenville-age basement, or Cambrian platform strata are interpreted to underlie the zone. Reflections between the interpreted top and base of the zone show variable dip; the strongest of these internal reflections were believed by Clark et aI. to represent multiples or out -of-plane diffractions.
The Consortium for Continental Reflection Profiling (COCORP) [Cook et at., 1979 [Cook et at., , 1983 Most recently, seismic reflection profiles, collected by the Appalachian Ultradeep Corehole Project study group (ADCOH), show the Brevard fault zone to be characterized by at least one relatively continuous, high-amplitude reflection which parallels, but does not merge with, the thick zone of reflectors also seen on the COCORP profile (Figure 2 ). Similar relationships are visible, though less distinctly, on the U.S. Geological Survey (USGS) seismic lines of Harris et at. [1981] . interpreted the Brevard fault zone imaged on ADCOH records as an essentially knife edge fault at depth which splays brittlely near the surface to produce its 0.5-to 3.0-km-wide surface exposure pattern. However, we interpret the seismic data to indicate that the surface thickness of the Brevard fault zone is maintained, or perhaps increases, with depth. An increase in amplitude of Brevard zone reflections at depth may be due to decreasing dip of foliation and to granitic gneiss and amphibolite of the Piedmont terrane being ductilely sheared in the fault zone.
PHYSICAL AND CHEMICAL PROPERTIES OF BREVARD FAULT ZONE MYLONITES
In 1985 the National Science Foundation sponsored a site investigation of an 8600 km2 area in the southern Appalachians . The purpose of this study was to explore the possibility of drilling a 10-to ll-km-deep hole through several major crystalline thrust sheets into the autochthonous North American basement and its deformed Paleozoic platform sedimentary rocks . This project included surface geologic mapping, seismic reflection studies, and shallow drilling. .
The four drill holes shown in Figure 3 were selected to provide information on the drilling characteristics of the different crystalline terranes in the area and to allow standard logging experiments to be performed in the holes. Of particular importance, one hole (DH-2) was located within the Brevard fault zone. Drilling at this site penetrated 330 m offault zon~rock with nearly 100% recovery. Because of its continuity and, with the exception of the upper 15 m, its unweathered nature the drill core provided a unique opportunity to study the origin of seismic reflections from a major fault zone.
The rocks from the Brevard drill core are micaceous quartzofeldspathic mylonitic gneisses and schists. Variable amounts of gamet, chlorite, epidote, and carbonate are present. Neomineralization and recrystallization are dominant over cataclastic features (Figure 4 ). The present mineralogy is suggestive of conditions transitional between the greenschist and amphibolite facies. However, this is complicated by a polymetamorphic origin of the mylonites. The lithologies have been subject to both prograde and retrograde metamorphic processes followed by brittle deformation [Hatcher, 1970; Roper and Justus, 1973] . Foliations in the core vary in dip from 15°to 30°and generally dip about 20°.
Chemical analyses of selected samples from the Brevard drill core are presented in Table 1 along with estimates of the average chemical composition of shale and granite. Several samples from the upper portion of the hole are similar in chemistry to shale. A sedimentary origin for these rocks is thus likely. This is also supported by the presence of graphite and carbonates in some Brevard fault zone rocks [Hatcher, 1970; Roper and Justus, 1973] . The mylonites from the lower portion ofthe hole, which were likely derived from Henderson Gneiss, are chemically similar to granite.
Petrologic core descriptions were used to select representative samples at closely spaced intervals. Thirty-four samples were selected from the Brevard fault zone core with an average spacing of 9.25 m. From these samples, 127 minicores, 2.5 cm in diameter and 4-6 cm in length, were cored and trimmed for velocity measurements as a function of pressure. To investigate seismic anisotropy, four cores, designated A, B, C, and D, were taken from each sample. The axes of the A cores were oriented normal to foliations, the Band C cores were cut perpendicular to one another parallel to the foliations, with the axes of the B cores parallel to the strikes of the foliations. The D cores were taken with their axes parallel to the drill core, i.e., vertical ( Figure 5 ). Prior to the velocity measurements, bulk densities were obtained for each minicore from its weight and dimensions.
Velocities were measured using a pulse transmission technique [Birch, 1960] to hydrostatic confining pressures of 800 MPa (equivalent to crustal depths of approximately 30 km). The velocities and densities given in Table 2 are estimated to be accurate to 1%.
We have measured velocities to considerably higher pressures than the previous mylonite velocity studies to 100 MPa by Jones and Nur [1982] . The reasons for this are twofold. First, the typical velocity versus pressure curve for crystalline rocks generally shows a rapid increase in velocity below 200 MPa which is related to the closing of cracks [Birch, 1960] . This is illustrated in Figure 6 for a Brevard phyllonite. Only above 200 MPa are velocities related primarily to mineralogy. Second, it is clear from the textures and mineralogies of the Brevard fault zone mylonites that they originated at intermediate crustal depths corresponding to pressures from 300 MPa to perhaps as high as 600 MPa. Consequently, velocities measured at these pressures will be useful to interpret fault zone reflections from the deeper crust as well as at shallow depths where fault zones have been deeply weathered.
An idealized two-layer model of a major fault zone cutting crystalline quartzofeldspathic crust [Sibson, 1977] suggests the probable depth of origin of the Brevard fault zone rocks. At high crustal levels, faulting produces random fabric fault rocks by frictional processes. This overlies a region where quasi-plastic processes of shearing produce mylonites with strong tectonite fabrics similar to the Brevard fault zone rocks which we have studied. As discussed by Sibson [1977] , the transition depth between these two regions depends on many factors, including temperature and the availability of water, but generally is expected to occur at depths between 10 and 15 km corresponding to pressures of 30~50 MPa. sponding to a frequency typically exploited in crustal surveys . Although the seismograms consider transmission losses at each interface, no attempt is made to account for dispersion, geometrical spreading, or attenuation. For clarity, the signal-to-noise ratio in these models is infinite. Random noise can generally be expected to deteriorate the coherency, and hence the interpretability, of seismic reflection events. Multiple reflections are not shown.
Each seismogram follows the same format. The vertical axis is total two-way travel time, in seconds. The leftmost trace labeled "D" is a depth scale. Tic marks on this scale appear at 50-m intervals. Since the depth is a function of two-way travel time and velocity, the scale is nonlinear. The velocity model "V" indicates the variation in velocity with sample depth (two-way travel time) between minimum and maximum values. Likewise, "RHO" displays the density data used to calculate the synthetic trace. The "RC" trace shows the reflection coefficient series, with spikes to the right representing positive acoustic impedance contrasts. foliation-normal velocities which are consistently lower than samples having lesser anisotropy. This observation suggests a method for considering the effects of anisotropy variations on reflection characteristics largely independent of the effects of chemical variations. If there were neither chemical variations nor anisotropy variations in the core, velocities for all samples would be uniform, approaching the mean velocity of all the samples, which is 6.26 km S-I. However, if anisotropy variations exist, the magnitude of the resulting velocity variation can be expressed as the mathematical product of the percent anisotropy and a velocity constant. This quantity is larger for samples with greater anisotropy and smaller for samples with lesser anisotropy. Because the velocities normal to foliation are consistently lower in the most anisotropic samples, subtracting this product from some constant velocity would create values which are lowest for the samples having the highest anisotropy, which is the velocity behavior observed in Figure to . To calculate the velocities governed only by anisotropy variations, then, the following equation is used: Veale = 6.26 km S-1 -(% anisotropy) (3.84 km S-I)
By this relation, a perfectly isotropic (0% anisotropy) rock would have a calculated velocity of 6.26 km s-1. The sample with highest anisotropy (26.4% at 84.4 m) would have a calculated velocity of 5.25 km S-I; 3.84 km S-1 is chosen as the constant velocity value in order to make the average of the calculated velocities equal to the mean velocity of "A" core samples (5.88 km S-I). This method is valid for considering anisotropy variations because of the consistent behavior in the samples of foliation-normal velocities being inversely proportional to percent anisotropy and because using the mean velocity and mean density of all the samples is equivalent to averaging out chemical variations. Figure 11 shows the synthetic seismogram produced using the calculated velocities. The mean density for all the samples is 2736 kg m-3. The extremely high-amplitude reflection at -0.025-s two-way travel time results from the significant anisotropy variations observed in the upper 100 m of the hole. In the lower part of the hole, variations in 6.6 anisotropy are small, and hence reflection amplitudes are negligible. This seismogram indicates that anisotropy variations may be a major contributor to the Brevard fault zone reflectivity.
For the above calculations of the effect of anisotropy on reflections, we used an isotropic modeling technique with a 
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Fig. 11. Reflections originating from anisotropy variations in a hypothetical chemically homogeneous 330-01 Brevard fault zone section of uniform density. The vertical axis is total two-way travel time, in seconds. The trace labeled "D"is a depth scale in 50-01 intervals. The trace labeled "V" is the velocity model in km S-1 and "RHO" is the density model in kg 01-3 X 10-3, "RC" is the reflection coefficient series, with excursions to the right representing positive acoustic impedance contrasts. "SYN" is the synthetic seismogram, consisting of seven identical traces. A standard trace ("ST"), consisting of a +0.1/-0.1 reflection coefficient interface pair, is provided for amplitude comparison. . Remainder of 2.6% COz, 0.6% S03. 0.8% C.
reflection to weaken or die out. Considering again the possibility of anomalously high pore pressures, they concluded that the permeabilities required to maintain high pore pressure are unrealistically small.
REFLECTIONS FROM THE BREVARD FAULT ZONE
Field and laboratory investigations offault zones suggest a layered source geometry for fault zone reflections. Two proposed origins for the laminations merit further consideration here. First, heterogeneity in composition may exist within fault zones such that layers of sufficiently large impedance contrasts and appropriate thicknesses produce the reflections. This is reasonable since major fault zones are likely to cut a wide variety of lithologies which become intimately interlayered subparallel to the fault zone due to movement along the fault zone. Second, variations of seismic anisotropy within the fault zone may produce the observed reflections. In the ductile regime of fault zones, preferred mineral orientation will produce a variation of velocity with direction in mylonites. In the Brevard fault zone rocks, mica is the major contributor to this anisotropy. The laminations producing the reflections could simply be regions within the fault zone with differing magnitudes of anisotropy, originating from variations in the abundance and degree of preferred orientation of mica. For shallow-dipping fault zones with mylonite foliation nearly horizontal, velocities measured perpendicular to foliation would be critical in investigating a possible anisotropic origin for ncar-vertical reflections.
Seismic anisotropy is a significant physical property of the Brevard fault zone mylonites. Anisotropies expressed as percents are given in Table 3 Anisotropy varies considerably with depth within the cored section of the fault zone (Figure 9 ). In the upper 150 m, anisotropies at 200 MPa decrease from 20 to 5%, then increase to over 26% and decrease again to less than 7%. Within the lower 100 m of the corehole, anisotropy at 200 MPa fluctuates between 5 and 10%.
In the remainder of the paper we make extensive use of synthetic seismograms to examine how various factors govern the reflection character of the Brevard fault zone. Figures 11, 13 , and 14 consider the reflection patterns resulting from anisotropy variations, chemical variations, and a combination of the two factors, respectively. Figure 15 presents a simplistic treatment of the effects of dipping foliation. As a final case, we use a random vertical distribution of Brevard fault zone lithologies to demonstrate the inherent reflectivity of these units (Figure 16) . A thorough discussion of the results of the seismic modeling follows.
The seismograms attempt to emulate the behavior of a seismic wave impinging with normal incidence upon a plane layer geology [Wuenschel, 1960; Robinson and Treitel, 1977] . Velocity data at 200 MPa are used in the models. This pressure corresponds to crustal conditions at 6-7 km depth and is above the microcrack closure region in the samples. With the laboratory density and velocity information and an estimation of thicknesses of lithologic units in the core, a reflection coefficient time series is constructed. This series is convolved with a zero phase, three extrema wavelet to produce the seismograms. A 25-Hz wavelet is used, corre-. . of crustal reflections are larger than expected from firstorder discontinuities [O'Brien, 1965] . In particular, the strong reflections commonly associated with major crustal fault zones are unlikely to originate from a planar contact separating fault zone rock from its protolith. Fuchs [1969] , in a classic paper dealing with deep crustal reflections in central Europe, observed that laminated zones with velocity reversals produce high-amplitude reflections consistent with field records. For a minimum-phase wavelet the reflectivity of laminated media reaches a high value if the layer thicknesses are a quarter wavelength. Thus some type of layering is necessary to produce the strong reflections characteristic of fault zones.
The Wind River thrust in Wyoming, which places Precambrian migmatites on nearly flat-lying Paleozoic through early Tertiary sedimentary strata, appears on COCORP records as a zone of strong, relatively continuous reflectors approximately 0.5 s of two-way travel time (-1.5 km) in thickness. The fault zone dips 30°-40°northeast and is traceable to a depth of about 20 km; it may cut through the crust to the mantle. The thickness of the reflector package associated with the fault zone appears to increase with depth. Smithson et al. [1979] suggested that these highamplitude reflections result from the juxtaposition of contrasting lithologies across the fault, the presence of a mylonite zone along the fault, or a combination of the two effects.
Similarly, the British Institutions Reflection Profiling Syndicate (BIRPS) surveys have imaged continental crystalline fault zones penetrating both the crust and mantle. The package of reflectors associated with each zone is 0.3-0.5 s thick (two-way travel time), or greater. Matthews and Cheadle [1986] remarked that although the origin of reflections from fault zones is poorly understood, mylonites may provide sufficient acoustic impedance contrasts. They suggested, however, that localization of volatiles within the fault zone is responsible for the reflections.
Mylonite zones are also associated with metamorphic core complexes in the western Cordillera. Core complexes have been interpreted as products of extreme extension. The brittlely deformed cover rocks are separated from the underlying ductilely deformed core by a low-angle detachment fault, or decollement. Mechanical behavior of materials in the detachment zone varies from brittle (breccia) to ductile (mylonite) [Davis, 1980; Armstrong, 1982] . Seismic data over the Picacho Mountains in Arizona indicated layered reflectors at a depth of about 1.7 s two-way travel time. These were interpreted as sedimentary layers which had been overthrust by Precambrian granite. However, a wildcat well was drilled through several of the reflecting horizons, revealing compositionally layered and ductilely deformed granodioritic gneiss [Reif and Robinson, 1981] .
McCarthy [1986] examined seismic data over the northern Snake Range metamorphic core complex in Nevada. McCarthy suggested that anastomosing shear zones, layered intrusives, stretching fabrics and transposed compositional layering produced during extension would contribute to the reflectivity observed on seismic records. Hurich et al. [1986] conducted a seismic reflection survey ofthe Kettle Dome metamorphic core complex in Washington state. Reflection events were observed, and once again it was speculated that these reflections resulted from mylonitically layered rock of appropriate geometry for constructive interference.
Published laboratory studies of the seismic properties of mylonitic rocks are limited to a few measurements obtained to a maximum confining pressure of 100 MPa. Clark et al. [1978] used ultrasonic velocity measurements of surface samples from the Brevard fault zone to construct their cross section. They reported only one velocity: 5.6 km S-I for the Henderson Gneiss, with no mention made of confining pressure. Velocity analyses of their seismic data yielded a 5.9 km s-I velocity for the section interpreted as the Brevard fault zone. Jones and Nur [1982] made the first thorough velocity measurements on a suite of crystalline fault rocks consisting of five undeformed granodiorite protolith specimens, two mylonitic granodiorites, five mylonitic metasedimentary rocks, one flaser gneiss mylonite, one blastomylonitic quartzite, and one cataclasite. Greatest velocity anisotropy was observed in their micaceous quartzite (21%). Anisotropy in the mylonitic granodiorites measured 2% and 5%. Jones and Nur attributed the high anisotropies of the metasedimentary rocks to an aphanitic texture, a high content of phyllosilicates, and a pervasive foliation. Since only a slight acoustic impedance contrast existed between their granodioritic protolith and mylonite, they concluded that the fault zone reflections could not be produced by the juxtaposition of isotropic protolith and anisotropic mylonite. In addition, Jones and Nur noted that most protoliths are low in mica, which is primarily responsible for anisotropy. They assumed that mylonites have mineralogies similar to their protoliths and thus have low anisotropies. They suggested instead a compositional banding of mafic and felsic minerals within the fault zone or anomalously high pore pressures as causes of the observed reflections. Etheridge and Vernon [1983] pointed out that proto lith and mylonite mineral assemblages often are quite different because of reactions such as the replacement of potash feldspar by muscovite and quartz during mylonitization. Thus they contended that the conclusion of Jones and Nur [1982] that mylonitic rocks are expected to have generally low-velocity anisotropy was unjustified.
Fountain et al. [1984] considered the reflectivity of mylonite zones through the use of synthetic seismograms. They used a small reflection coefficient of 0.03 based on the velocity and density data of Jones and Nur [1982] and concluded that laminated mylonite zones with low reflection coefficients can produce reflections similar to those on seismic records. Amplitudes may be twice those of a simple interface, due to interference effects. By modeling the anastomosing geometry of a mapped surface mylonite zone and rotating the model into a vertical plane to simulate a vertical cross-section, they showed that events are correlatable across the profile but amplitudes vary laterally. The reflectivity of mylonite zones is due, in their estimation, to layers rich in oriented phyllosilicates alternating with unmylonitized, seismically isotropic layers. They suggested that zones of anomalously high pore pressure need not be present to account for the reflections.
In 1984, Jones and Nur [1984] added two mylonite samples and four protolitb gneisses to their 1982 suite of 100-MPa velocity measurements. These samples came from the Bartletts Ferry and Goat Rock fault zones in Alabama. Jones and Nur also analyzed the frequency spectra of the Wind River data and determined the source ofthe fault zone reflections to be a laminar structure of alternating high-and low-velocity layers, each ]00-150 m thick. These thickñ esses are appropriate for constructive interference of the seismic source wavelet, which could have produced largeamplitude events from relatively small acoustic impedance contrasts. Modeling of the Wind River data using the velocities measured on the mylonites in the lab indicated strong reflections for a laminated geometry with anisotropy of 7% or greater. velocity function representing the fractional velocity perturbation due to anisotropy in the direction of normal incidence. We believe this approach is valid for Brevard fault zone rocks with nearly horizontal foliations. Greenschist and amphibolite facies micaceous rocks similar to the Brevard rocks, to a first approximation, are often transversely isotropic with their symmetry axes normal to foliation [Christensen, 1965 [Christensen, , 1966 . For seismic waves traveling parallel to the axis the rock behaves as an isotropic solid (i.e., only two distinct modes of propagation exist having particle motion parallel and perpendicular to the symmetry axis). For this propagation direction the compressional and shear waves are pure modes, and shear wave splitting does not occur. For near-vertical reflection profiling in fault zone rocks with horizontal foliations, wave propagation approximately parallels this symmetry axis. If the foliation is verticalor steeply dipping, the use of an anisotropic method for calculating the synthetic seismograms may be necessary.
Chemical variations also influence velocity and density behavior and hence reflection characteristics. Figure 12 shows the mean compressional velocities of samples for which chemical analyses were obtained. Mean compressional velocity for each sample varies inversely with weight percent Si02. Although this relationship is generally expected, we were surprised by the amount of Si02 variation, which was not particularly visible in the core. A synthetic seismogram (Figure 13 ) considers the effects of this chemical variation independent of the effects of anisotropy fluctuations. Anisotropy effects were negated by averaging the three mutually perpendicular velocities for each sample interval, which is equivalent to measuring the velocity in an isotropic sample of identical composition [Christensen and Ramananantoandro, 1971] . Densities were also averaged at each sample depth. In Figure 13 the velocity and density jump at~O.025-s two-way travel time, corresponding to a graphitic phyllonite unit at 84 m depth, produces a broad reflection trough. Chemical variation in the lower two thirds of the hole gives rise to lower-amplitude reflections. Although not as dramatic as the anisotropy-related reflection, this seismogram supports the idea that fault zones in crystalline terranes are reflective due in part to the chemical variability of the fault zone lithologies.
In reality, a near-vertical incidence reflection survey would encounter the effects of both chemical and anisotropy variation effects. Velocity normal to foliation in the graphitic phyllonite layer at a depth of 84 m (-0.025 s) is slow (5.21 km S-I), resulting in the large negative reflection event due to anisotropy. However, the low percent Si02 produces a relatively high mean velocity for the unit (6.32 km S-I), resulting in a positive reflection event. These effects are partly offsetting, although anisotropy is dominant. The importance of the graphitic phyllonite in producing reflections will depend on the orientation of its fabric, its thickness, and its encasing lithologies. Figure 15 shows the synthetic seismogram for the vertical (D) core data. It is similar to the A core seismogram (Figure 14) , but the dipping foliation in the D core samples has reduced velocity contrasts and hence reflection amplitudes. This behavior can be observed in the seismic line of Figure 2 , where the Brevard fault zone reflectors increase in amplitude as the dip of the fault zone decreases.
All of the models demonstrate the important effects of interference between reflections from the individual interfaces. The spacing of the interfaces is crucial, as is the frequency of the wavelet. It is probable that strong reflection events from the Brevard fault zone are due to appropriate layering of units of varying density and velocity, such as those described in this paper. Since amplitudes of reflection events are dependent on the spacing of the layers, their chemistry, and their anisotropy, events will grow and die as the geometry and physical properties of the Brevard fault zone lithologies vary laterally. We must emphasize that the models shown here are for a 330-m-Iength section of core. The actual behavior will depend on the distribution of these lithologies in the remainder of the zone, both laterally and vertically. Figure 16 shows the seismogram for one of myriad possibilities. In this model the actual thicknesses of the units are used, but these are allowed to occur in random vertical order, creating a total thickness of 900 m. This is presumed to be close to the actual total thickness of the fault zone near the Earth's surface. Foliation-normal (A) core velocity-density data pairs are used; these are also distributed randomly over the length of the core. This seismogram, along with many other combinations tried but not shown, demonstrates the highly reflective nature of Brevard fault zone lithologies. The foregoing seismograms indicate the importance of the presence of a variety of lithologies in a fault zone, the variability in the degree of ductile deformation, or both, in producing reflections. Lithologic variations contribute to the chemical variability in the fault zone. Variations in the degree of shearing influences the abundance and degree of orientation of phyllosilicates. A chemically homogeneous fault zone, uniformly sheared throughout, would not be expected to give rise to internal reflections. We believe that these seismic models illustrate important principles for the interpretation of seismic data in crystalline terranes. First, the inherent reflectivity of fault zones has not been fully appreciated. As a consequence, many reflections actually arising from within fault zones have been assigned to the footwall or hanging wall, so that fault zone thicknesses are underestimated.
Second, anisotropy and chemical variations may sometimes have offsetting effects, producing seismically transparent regions. This would also contribute to an underestimation of the actual thicknesses of fault zones.
Deep seismic reflection investigations often reveal a marked increase in reflection density in the lower continental crust [e.g., Meissner, 1986; Matthews and Cheadle, 1986; Allmendinger et al., 1987] . The origin of these reflections, which typically appear to be relatively continuous and cyclic, are problematical. Proposed explanations include cumulate layering [Meissner, 1973; Hale and Thompson, 1982] , intrusive basaltic sills perhaps originating from crustal underplating [McKenzie, 1984] [Matthews and Cheadle, 1986] , and extension or compression, which has produced ductile deformation in the lower crust [Smithson, 1986; Smithson et al., 1986] . We believe that the ductile strain origin is the most likely explanation, especially in lower crustal regions characterized by continuous sIibhorizontal reflections. Reflections from zones of high strain would originate from a combination of (1) the juxtaposition of rocks of different seismic impedances and (2) variations in anisotropy magnitudes, similar to the behavior observed in the Brevard fault zone.
SUMMARY AND CONCLUSIONS
A combination of properties has been found to contribute in a complex manner to the overall reflectivity of the Brevard fault zone. Essential to the study has been the continuous coring of a major section of the Brevard fault zone, which has provided the necessary stratigraphic contwl as well as unweathered samples for laboratory studies. Velocity measurements, chemical analyses, and synthetic reflection seismograms provide the following conclusions pertaining to the nature of fault ZQne reflectivity.
1. The Brevard fault zone is not a knife edge fault; rather, it has a thickness at depth, which appears to be borne out in the seismic data. Reflections originate within the Brevard fault zone, not simply at the "top" or "base" of the fault zone where ductilely sheared and unsheared materials are juxtaposed.
2. Anisotropy is a significant seismic property of the Brevard fault zone. Compressional wave velocities are fast parallel to foliation and slow normal to foliation.
3. Preferred orientation of mica associated with ductile deformation is the primary cause of the anisotropy. At low pressures, anisotropy is enhanced by preferred crack orientation. Thus anisotropy usually decreases with increasing pressure.
4. The percentage of anisotropy varies within the Brevard fault zone. This correlates with the amount of mica present and the degree of mica orientation, and is, in part, responsible for reflections from the fault zone.
5. The parent lithologies of the fault zone rocks range in composition from shale to granite. The resulting chemical heterogeneity correlates well with mean compressional wave velocity. This variation of chemistry within the fault zone produces regions of contrasting seismic impedance, which are shown to cause reflections. The chemical variations in the Brevard mylonites, which are not readily apparent in hand sample, are indicators of mean velocities but not of anisotropy effects.
6. Reflections from fault zones within crystalline terranes thus likely originate from a combination of variations of anisotropy and composition. The resulting structural layering within fault zones produces the strong multicyclic reflections. Variations in pore pressure within fault zones are not required to produce the observed reflections.
7. Within fault zones, as we have found in the upper section of the Brevard fault zone drill core, the effects of composition changes, and variations in anisotropy may cancel one another to produce transparent regions. Therefore discontinuity of a fault zone reflector does not necessarily indicate discontinuity of a geologic layer. Estimates of fault zone thicknesses from reflection records should be 
